Abstract: An analytical study is carried out for in-band-pumped ytterbium-doped fiber amplifiers. In particular, the high-brightness pump laser design criteria in terms of stability performance against the back reflections are discussed for different fiber and cavity parameters. The optimum condition for pump laser operations is emphasized considering optical peak efficiency and robustness. Furthermore, the boundary for the in-bandpumped power amplifier design describing output power characteristics and signal propagations along the fiber is discussed. The amplifier performance in terms of the optical efficiency and fiber length requirements are investigated, including all Raman interactions between pump signal and Stokes waves for different fiber types and for both copumping and counterpumping configurations.
Introduction
High power laser systems are widely used in many applications in material industry, 3-D printing, scientific research, medical and military areas. Demand for high brightness multi-kW level lasers is rapidly growing. Compared to conventional bulk crystal alternatives, Yb 3+ fiber systems provide much higher optical efficiency, higher power handling capability, compactness and robustness. Ytterbium-doped fibers lasers operating at 1.0-1.2 m regime have broad gain spectrum and facilitate to use wide choice of pump wavelengths ranging from 800 nm to 1064 nm [1] - [4] . With the advances in commercially available laser diodes (LD) and double clad (DC) fiber technology, many kW-level fiber lasers and amplifiers have been successfully demonstrated [5] - [7] . The maximum achievable power for single mode fiber lasers are physically limited to 36 kW due to the fiber induced damaged threshold, thermal effects such as thermal lensing, fracture, melting of core and nonlinear effects as stimulated Raman scattering (SRS) [8] . However, conventional diode pumped systems are far behind this limit due to the low brightness of LD pumps, which limits the total power coupled into the combiner and active fiber, and high quantum defect (∼10%), which causes high thermal load [8] - [11] . In-band pumping provides a promising alternative via using single mode lasers, which have orders of magnitude higher brightness (mainly proportional to the beam quality as ðB $ 1=ðM 2 Þ 2 Þ than the multimode diodes, emitting at wavelengths close to the signal wavelength as a pump source to launch more pump power into doped fiber and to reduce the quantum defect < 5% for power scaling [11] . IPG has demonstrated 10 kW single mode fiber laser at 1070 nm which is tandem pumped with 1018 nm lasers [12] . The broad emission spectrum of Yb 3+ facilitates to build pump lasers emitting from 980 nm to 1070-1080 nm for in-band pumping. Even though the pumping efficiency increases as the wavelength difference between the pump and signal increase, it is much difficult to preserve lasing stability for lower wavelengths less than 1030 nm due to gain competition [13] , [14] . Despite the superior performance in power scalability, in-band pumping is still limited by the SRS effect which converts the signal power into the undesirable longer wavelengths [15] , [16] .
In this paper, a detailed analytical and numerical study is carried out to analyze the performance of in-band pumped master oscillator power amplifier (MOPA) structure for different cases. The MOPA structure consists of a kW single mode oscillator at 1080 nm wavelength and in-band pumped power amplifier to reach multi kW levels. First part of the paper studies the design of the high brightness pump laser sources. The lasing efficiency and the stability performance of the pump lasers especially against the back reflection are investigated. The second part of the paper studies the in-band amplifier dynamics through the active fiber including all the Raman interactions between the pump, signal and Stokes signals. The Raman induced conversion efficiency and the optimized length requirements for both active and passive fibers are investigated for different parameters such as core size, core-to-clad ratio, doping concentration, pump wavelength and powers.
Theoretical Model
The governing modified coupled rate equations for the continuous wave pump, signal and the Raman Stokes signals at steady state are described below [17] - [19] . The rate equations include both linear and nonlinear mechanisms due to Yb 3+ excitation and Raman interactions. The equations are solved by using shooting algorithm for both amplifier and cavity configurations as well as co and counter pumping cases
where P i¼p;s;r is the power level (W), À i¼p;s;r is the overlapping factor, Þ is the speed of light. The effective mode field radius ð$Þ is calculated by using Marcuse formula and V -parameter as: ! ¼ r core ð0:65 þ ð1:619=V 3=2 Þ þ ð2:879=V 6 ÞÞ. Large mode area (LMA) fibers support the higher order modes (HOMs) which degrades the beam quality. In order to suppress such HOMs and to improve the beam quality ensuring lower M 2 values, the LMA fibers are bent. The optimal bending radius is determined due to the core diameter and NA of the fiber. Bending of the fiber forces the HOMs to couple into the cladding, and shifts the fundamental mode ðLP 01 Þ closer to the cladding border with compressing in the mode field diameter (MFD). The modified MFD for different fiber and bending radius conditions are considered in the numerical simulations [8] , [9] .
Pump Laser

Yb
3+ has a broad absorption and emission spectrum ranging from 800 to 1200 nm. Once the doped fiber is optically pumped, due to the excitation level (n2%) of Yb 3+ atoms, the gain spectrum changes, namely either broaden with shifting to the shorter wavelengths or lessen with shifting to the longer wavelengths. Thus, the fiber cavity lases at the wavelength with maximum gain such that the lower the n2 (%) excitation level, the longer wavelengths the cavity lases or vice versa. Via using narrow-band FBGs the cavity is forced to lase at specific wavelength. However, in order to achieve more stable lasing operation, namely robust to back reflection at longer wavelengths (e.g., due to signal at 1080 nm), the gain spectrum should be shifted to the shorter wavelengths meaning high n2 (%) excitation.
The design criteria and performance analysis of high brightness pump lasers operating at > 1000 nm are investigated in multi-kW MOPA structure utilizing signal laser at 1080 nm. The wavelength selection performance of the cavity with respect to the n2 excitation level is illustrated in Fig. 1 . The emission peak, which experiences the peak cavity gain (blue), shifts to the shorter wavelengths for highly excitated fibers due to gain competition and results in higher extinction ratio (ER) defined as the induced gain difference with respect to the signal wavelength (1080 nm). The more stable lasing, namely robustness against to the back reflections, appears around 1030 nm for highly excitated ðn2 > 0:1Þ cavities, as shown in Fig. 1 . On the other hand, the minimum wavelength at which the cavity lases with inducing higher gain than the signal wavelength (black), determines the lower bound of robust emission spectrum, namely the effective gain bandwidth where the ER > 0, and highly depends on the n2 excitation level, as shown in Fig. 1 . The higher the n2 the wider the lower bound and the more flexible operation of the cavity.
For a laser cavity with fixed single pass gain G ffi 1=ðR hr Ã R oc Þ, where R hr and R oc are the reflectance percentages of the two FBGs for high reflectance (input) and optical coupling (output) spliced to the active fibers, the average n2 (%) excitation level at steady state can be increased by using shorter fiber length (L) and lower doping concentration ðN 0 Þ, as shown in
The lasing performance of the cavity using 25-250 m active fiber and 10% output coupling with respect to fiber length (0.1 to 5 m) and the doping concentration (1 Â 10 25 to 10 Â 10 25 m À3 ) is illustrated in Fig. 2(a) . As the length increases, the average gain over the fiber reduces (lower n2) and forces the cavity to lase at longer wavelengths. In addition, for the same cavity configurations, using highly doped fibers suppresses the excitation and results in emission at longer wavelengths as well. Thus, the cut-off lengths, described as the maximum fiber length that keeps the cavity lase at shorter wavelengths, reduce as the doping concentration increases, as shown in Fig. 2(a) . However, if an active fiber with short length and low N 0 concentration is used, the pump light cannot be efficiently absorbed (high residual pump), which as a result degrades the optical conversion efficiency. The optimum cavity length is selected to achieve maximum efficiency which practically corresponds to have ∼15 dB pump absorption [20] . Fig. 2(b) illustrates the efficiency performance and the corresponding fiber length requirements for different doping concentrations. On the other hand, the cavity at optimum state keeps the core absorption ðN 0 Ã LÞ, the peak efficiency and the excitation level ðn2Þ almost constant. Thus, for the same fiber configuration (fixed N 0 ), the cavity can be optimized in terms of both efficiency and stability via using 976 nm laser diodes (∼3 times higher absorption than 915 nm) for pumping and the active fibers with high core-to-clad ðr core =r clad Þ ratio which enables to use shorter lengths. The lasing performance for three different commercially available fibers 10- The other factor which affects the lasing and stability performance of the cavity is the optical coupling (OC) percentage of second low-reflective fiber Bragg grating (FBG-LR). The wavelength selection performance of the cavity using 25-250 m fiber with 5 Â 10 25 m À3 doping concentration, with respect to coupling percentage (5% to 20%) is illustrated in Fig. 3 . The single pass gain increases with the lower coupling which as a result increases the excitation level and force the cavity to lase at shorter wavelengths. Even though the lasing threshold increases which is not significant for such high powers, the cavity becomes more robust to back reflections as well as operating at high peak efficiency, as shown in Fig. 3 .
The back reflection of the signal light from such optical components as combiners, end-cap and splice joints, is the major problem for pump laser design. If the laser cavity operates at longer wavelength regime of the ASE spectrum, even a small amount of back reflection signal experience more gain than the pump laser which as a result degrades the lasing performance. The stability performance against the back reflections from 1080 nm signal light is investigated for the pump laser cavity operating at 1030 nm. The maximum amount of signal-based back reflection power, namely the endurable upper bound, the cavity can tolerate by preserving the laser efficiency > 90% is discussed in Fig. 4 for different scenarios including the effects of doping level, FBG coupling percentage, fiber type (core-to-clad ratio) and cavity lengths. The results indicate that as the doping concentration decreases the robustness of the cavity stays almost same but it becomes more flexible to choose the optimal fiber length. On the other hand, for the same core absorption rate, increasing the cavity feedback coupling which reduces the steadystate single-pass gain exerted on the external signal and using high core-to-clad ratio fibers which enables to use shorter fiber lengths for optimal efficiency, increases the ER of the cavity making it more durable against the back reflections. To sum up, in order to achieve more stable pump laser against the back reflections, the cavity should be designed to operate at peak emission wavelength around 1030-1040 nm where the ER is highest, to have lower single-pass gain and employ fibers with high core-to-clad ratio should be used.
In-Band Power Amplifier
The amplifier performance of the in-band pumping is investigated for mainly considering different fiber types including core size, core-to-clad ratio and doping concentration ðN 0 Þ, and the pump laser wavelength. All the gain mechanisms due to Yb 3+ excitation and stimulated Raman scattering (SRS) between pump-signal and signal-Stokes are analyzed and the coupled differential equations are modified accordingly. Both co and counter pumping configurations are investigated to establish the boundaries of achievable system efficiency and corresponding optimized fiber lengths limited by the SRS. The strength of SRS effects is highly dependent on the fiber length, doping concentration and the wavelength separation between the pump and signal waves. A relatively short fiber with low doping concentration can obviously suppress the Raman gain. As discussed in the previous section, besides the suppression of Raman effects, the amount of pump absorption and amplification efficiency should be taken into account. For high power fiber amplifiers the excessive residual pump, mainly due to the low pump absorption rate, disturbs the beam quality and should be stripped out. However, such high residual power causes severe thermal loads and damages on cladding light strippers which as a result induces thermal instability in the system. Practically, the amplifier should be designed to ensure ∼15 dB pump absorption for sufficient efficiency [20] . For commercially available 30-250 m double clad (DC) fiber with 5.23 Â 1025 m-3 doping concentration, Fig. 5 represents the co-pumping configuration including the propagation of 1030 nm pump, 1080 nm signal and 1130 nm Stokes waves through the active fiber. As shown in Fig. 5(a) , through the first few meters of the active fiber, signal light experiences additional gain due to the SRS effect induced by the pump. However, as the signal wave is amplified through the cavity the Stokes signal, which appears ∼13.2 THz frequency shift corresponding to 1130 nm starts to evolve and steal energy from the signal operating at 1080 nm. The stability contours for the achievable peak efficiency and the corresponding fiber lengths with respect to different doping concentration and pump wavelength separation are illustrated in Fig. 5(b) and (c). It can be easily seen that how far the pump wavelength from the signal, the amplifier operates at higher efficiency with much shorter fiber length. Fig. 6 illustrates the performance of counter pumped amplifier in terms of signal evolution through the doped fiber, conversion efficiency and the Raman induced threshold lengths. Contrary to the co-pumping case, the signal power stays at low levels throughout the fiber and experiences the gain mostly at the last meters, which as a result reduces the effective length and suppresses the Raman gain. In addition, counter pumping enables to use longer fiber lengths for higher conversion efficiencies and pump absorption. Despite the superior performance of counter pumping, it is not straightforward to design such kind of end pumped pump-signal combiners due to the aggressive power handling. Instead of end-pumped structure side coupled combiners providing much higher power handling capabilities can be used for counter pumping configurations.
The optical efficiency performance of the in-band pumped amplifier highly depends on the fiber parameters such as core size and core-to-clad ratio. Fig. 7(a) shows that the amplifier peak efficiency (at corresponding optimized length where the signal power starts to diminish) increases by > 40% with the core diameter varying from 20 m to 50 m while keeping the cladding diameter fixed at 250 m and 400 m. Increase in core-to-clad ratio enables sufficient pump absorption within short fiber lengths and thus, the induced Raman effects can be reduced. Although the pump cladding absorption (per meter) stays constant for fibers with constant coreto-clad ratio, increase in the core diameter (larger MFD and higher Raman threshold) reduces the Raman gain, increase the effective fiber length and results in high optical conversion with less residual pump. Fig. 7(b) , on the other hand, illustrates the effect of pump power on the amplifier efficiency for fibers with different core diameters while keeping pump absorption coefficient constant (same core-to-clad ratio). The amplifier operates at maximum efficiency when the certain pump power, which is limited by the Raman threshold (mainly determined by the fiber parameters) is launched. Further increase in the pump power, however, creates higher gain and forces the signal to reach Raman threshold power within a shorter length, which as a result degrades the efficiency and pump absorption. The larger the core diameters, the higher the Raman threshold and the higher the optical efficiency.
Conclusion
In this paper, a detailed analytical study is conducted to investigate the performance of in bandpumped master oscillator power amplifiers in terms of pump laser selection criteria, amplifier dynamics and Raman induced boundary limits. The stability analysis is performed for pump laser design for different fiber and cavity configurations such as doping concentration, length, core-to-clad ratio and cavity loss. To design a robust pump laser against the back reflections, the cavity should be forced to lase at high excitated state via using fibers with high core-to-clad ratio, shorter in length and to operate at high single pass gain. For the power amplifier, the dynamics of the in-band pumping at steady-state is analyzed including all Raman interactions between pump, signal and Stokes waves and corresponding efficiency-length contours are extracted for both co and counter pumping cases. The effects of changing core diameter, decreasing fiber length, reducing doped concentration for suppressing the SRS induced efficiency degradation are discussed. To avoid excessive residual pump, an optimized fiber type in terms of core-to-clad ratio and fiber requirement is analyzed. A virtuous relation between the doping concentration and fiber length could improve the output. By properly selecting the fiber and cavity parameters the amplifier can be operated below the Raman threshold with high efficiency.
